I. Introduction 2. Theory
During the past years, coherent Raman spectroscopy has proven to be a valuable tool for the investigation of molecular vibrations in various surroundings. The analysis is difficult for stationary coherent Raman spectra since a non-resonant ~oherent background inter. fetes with the vibrational signal [ 1 ] . The background is produced by the nonlinear reaction of the electrons following immediately an applied electric field (within 10-14s). The molecular vibrations producing the resonant signal, on the other hand, have a slower response time of~'10 -12 s. We have demonstrated in a time res31ved coherent experiment that the different time dependence may be used to separate resonant and non-resonant contributions to coherent Raman scattering [2] . Very recently, this idea has been applied by Kamga and Seeats [3] who rejected the background in a transient coherent anti-Stokes Raman experiment.
We shall present here a different type of transient coherent P,z_.man spectroscopy allowing to overcome the non-resonant background and to obtain new information on the molecular modes [4] . Two ultrashort light pulses at frequencies tot, and tos excite molecular vibrations within a frequency band around toL-toS" After a certain delay time, where fast excitations have vanished, a third light pulse is applied to probe the remaining material excitation by coherent Raman scattering. The anti-Stokes or Stokes light is spectrally analyzed with high frequency resolution.
Coherent Raman scattering is treated in the transient regime where the molecular response time has the same magnitude as the pulse durations. We concentrate on anti-Stokes probing of a molecular vibration -the generalisation to the Stokes case is straightforward [5, 6] .
The wave equation containing the nonlinear polarisation pNL describes the propagation of the ligh~ E.
We split offP NL into a slow part due to the vibrations and a fast non.resonant part due to the nonlinear electronic motion [2, 6] :
The fast component of the nonlinear polarisation is represented by the real, third order susceptibility Z NR(3). The coherent amplitude (q) --the expectation value of the vibrational mode operator -describes the reaction of the molecules. (q) obeys the equation of motion of a harmonic oscillator with resonance frequency toO, damping constant 2IT 2, and a driving force proportional to E 2 [5, 6, 7] . N is the number density of the molecules with Raman :~olarisability ~a/aq. In the present discussion we use plane waves with amplitudes E i and Q for the electric fields and the coherent excitation, respectively. Using eq. (1) in the material and wave equations we obtain [5, 6, 8] :
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A retarded tirne frame x' and t' was used. T 2 denotes the dephashlg time of the molecular vibration. X~' Rq3~ describes formally the action of the light at frequency co i o11 the licit at e/by way of the nonresonant susceptibility [8] . AkA2 = kA2 -kL2 k L + k S represents tile mismatch in wave-vector ~ometry. AkA2 = 0 is called phase matching.
Eq. 12)shows file excitation of the coherent amplitude by the laser and Stokes fields E L and E s. The frequency spread of file incoming light pulses due to their short duration stimulates molecules within a bandwidth around the frequency difference cov= ~L ~S-During the excitation process tile molecules are driven by 6%. When the pumping fields have passed the medium, the molecules return to their resonance frequency o., 0 and the coherent amplitude Q decays exponentially with the dephasing time T 2. Production of coherent light near the anti-Stokes frequency cA2 is determined by eq. (3). Under p.hase. matcifing conditions one finds two important contributions to EA2" (i) Scattering of the delayed plobing light pulse EL2 by the coherent amplitude Q produces resonant anti-Stokes li~lt at the frequency C.OA2 = C.OL2 + coq where eq is the momentary vibrational frequency of the molecules. The scattered energy is proportional to IQ/:L21-and d~,,.ays exponentially at later delay times.
(ii) The non-resonant susceptibility produces antiStokes li~lt when exciting and probing pulses have a temporal overlap in the sample. The respective antiStokes frequency is equal to COA2 = COL2 + co L .... COS. For sufficient delay *imes the non-resonant signal disappears.
The spectral pr.: ~erties of the coherently produced li~t may be strongly affected by phase modulation. For weak probing pulses IEL2I ,~ IEL] , IEs] the main phase modulation results during the excitation process. it may be omitted at later delay times.
We discuss two types of transient coherent Raman spectroscopy. In both cases the excitation is made by two simultaneously applied ultrashort light pulses at frequencies w E and co s. The probing process is performed at a delay time t D after the peak of the exciting laser pulse. A first type of transient coherent Raman spectroscopy was recently reported in ref. [3] , where the frequency difference co L -e s of the excitation is tuned. The coherent anti-Stokes light generated in the delayed probing process is detected as a function of frequency co L -co S with the non-reonant background being rejected. Some difficulties may arise with this technique: In the transient excitation process closely lying modes are simultaneously excited and all these modes are probed. As a consequence, the frequency resolution is limited by the excitation bandwidth and the spectrum may be modified by interfering modes [5,91. We propose here a different type of transient coherent Raman spectroscopy The excitation is performed at tile frequency difference co L --e s with very short light pulses (broadband excitation). In the probing process we use a smaller bandwidth (longer pulse) and observe the coherently scattered light spectrally resolved as a function of delay time. At small delay times we are able to see the influence of the driving process combined with the effects from the nonresonant susceptibility. Later on, the non-resonant background disappears and resonant molecular properties determine tile signal. Interference may occur only within the probing bandwidth and may be controlled by measuring at different delay times. It should be noted that for suitably shaped probing pulses (gaussian shape) and long delay times, the bandwidth of the coherently scattered light is equal to the width of the probing pulse and may be smaller than tile spontaneous Raman line.
Experimental
We investigated tile CH3-stretching mode ot" liquid CH3CCI 3 at 2939 cm --I . Tiffs transition is homogeneously broadened with a dephasing time T 2 = 2.5 ps [4, 5] . This molecule appears to be well suited to test our theoretical predictions. The experimental set.up is shown schematically in fig. 1 . A single cidrp-free picosecond light pulse from a Nd : glass laser system is frequency-doubled in a KDP crystal to t,/c = 18 980 cm -1 [10]. The pulse of duration 6.5 ps produces stimulated Stokes light in the generator cell filled with liquid CH3CCI 3 [8, 11 ] . The Stokes conversion efficiency is approximately 5%. The Stokes converpulse and generated Stokes pulses are imaged into the sample cell (length 1 cm containing CH3CCI3)and produce here the coherent material excitation. Weak probing pulses EL2 and EL2 are generated at the beam splitters BS 1 and BS 2 properly delayed by the variable delays VD 1 and VD 2. The probing pulse for anti-Stokes scattering crosses the exciting beams in file sample cell under the phase matching angle of 7 °. hateraction of the coherent excitation with the probing pulse produces the coherent anti-Stokes light. This light is imaged onto the slit of a 2 m grating spectrograph, SP, and detected by an optical multichannel analyzer. The light beam for Stokes probing is coupled in at the polarizer PI' It travels collinearly with the exciting beams through the sample. Here, the incoming beams produce the coherent Stokes light passing the polarizer P2" The coherent Stokes light is also detected by the spectrograph and the optical multichannel analyser. The spectrograph contains two gratings allowh~g simultaneous measurements of Stokes and antiStokes spectra; the spectral resolution of the system is 0.5 era-I. Fig. 2 shows coherent anti,Stokes spectra taken in CH3CCI 3 at different delay times, Time zero in our experiments is determined by the m~imam of the pumping laser pulse, In transient stimulated ~an scattering of CH3CCI 3 the maximum of the coherent excitation occurs delayed by 5 ps. In fig. 2a we present a coherent anti-Stokes spectrum taken at t 0 = 1.5 ps. It carries information on the rising part of the material excitation• We find a relatively broad spectrum (Av/c ~ 5 cm -1) with the center frequency at 21 922 cm -1 corresponding to a Raman shift of 2942 cm-1. The second spectrum is taken at t D = 8.5 ps, shortly after the maximum of the coherent excitation. Here, the molecules start to vibrate their resonance fig. 2a and fig. 2b at t D -1.5 ps and 8.5 ps before and behind the peak of the coherent excitation, respectively. Fig. 2c is taken at a later delay Ume, t D = 18.5 ps, in the exponential decay of the material excitation. At that time, fllere is no overlap of exciting and probing light pulses. The spectrum is not influenced by the excitat. )n proce.,;s and reflects the pure molec ular properties, frequency. Again, the spectrum is broad, Av/c "~ 5 cm-1. The peak of the spectrum has skifted by about 3 cm-! to smaller frequencies. At even later delay times, t o = 18.5 ps ( fig. 2cj , the spectrum is narrower and shows only sanaU changes of the frequency position, The experimental results illustrate the importance of the different terms of eq. (3). Near the maximum of the ~herent amplitude, the excitation process is. relevant (first term of the r.h.s, of eq. (3)). The coherent amplitude Q is driven by the laser and Stokes field with the momentary frequency co L -cos that may slightly differ from the resonance frequency coO [8] .
Results and discussion
.As the coherent amplitude varies rapidly the coherent light is produced during a short period with a broad spectrum. In addition, phase modulation due to the pumping laser (last term of eq. (3)) may shift the spectral position to higher frequencies. On the other hand, the true molecular properties are found at later delay times. We have measured simultaneously the coherent Stokes and anti-Stokes spectra and obtained a frequency of the coherently oscillating molecules of 2938.2 +-0.7 cm-1. This result is in full agreement with the spor, taneous Raman shift of 2939.0 + 0.5 -l
In fig. 3 we compare the spontaneous Raman spectrum measured with a conventional arrangement (solid line) and a transient coherent anti-Stokes spectrum taken at t D = 18.5 ps (points). The position of the maxima is the same but striking differences of the shapes and half width may be noticed" The spontaneous Stokes spectrum has approximately lorentzian fi)ape with a half width of 4.3 cm-t. On the other hand, the coherently measured spectrum has the gauss- 
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ian shape of the probing laser pulse and a narrower width of 2.3 cm-1. With our technique we obtain the spectral position directly. We measure the dephasing time [5, 6] and thus we have the ful' information, Disturbing effects known from stationary coherent Raman scattering are not present with our technique.
We have presented a new type of coherent Raman spectroscopy. This technique shows a number of promising possibilities: The non-resonant background is negligible and -as a consequence -coherent spectra of diluted systems become possible. Spectral positions and molecular time constants can be measured simultaneously with high accuracy. In the present ex. periment, the frequency difference of the exciting pulses is held constant and valuable information is obtained from the (high resolution) spectra of the coherently scattered radiation. More general frequency tuning of the input pulses in conjunction with the high resolution probing should allow to unravel complicated vibrational spectra.
